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Abstract. An extensive data set on net primary production
(NPP) in China’s forests is analysed with the help of two
simple theoretically derived models based on the light use
efﬁciency (LUE) and water use efﬁciency (WUE) concepts,
respectively. The two models describe the data equally well,
but their implied responses to [CO2] and temperature differ
substantially. These responses are illustrated by sensitivity
tests in which [CO2] is kept constant or doubled, tempera-
tures are kept constant or increased by 3.5K, and precipita-
tion is changed by ±10%. Precipitation changes elicit sim-
ilar responses in both models. But NPP in South China, es-
pecially, is reduced by warming in the LUE model, whereas
it is increased in the WUE model. The [CO2] response of
the WUE model is much larger than that of the LUE model.
It is argued that the two models provide upper and lower
bounds for this response, with the LUE model more realis-
tic for forests. The differences between the two models illus-
trate some potential causes of the large differences (even in
sign) in the global NPP response of different global vegeta-
tion models to temperature and [CO2].
1 Introduction
Dynamic global vegetation models, either “ofﬂine” or cou-
pled with climate models, have been used extensively to
predict the response of global net primary production and
the terrestrial carbon balance to scenarios of future climate
and atmospheric carbon dioxide concentration ([CO2]) and
to quantify the feedbacks from climate change to [CO2]
(Cramer et al., 2001; Prentice et al., 2001; Friedlingstein
et al., 2006; Sitch et al., 2008). But large uncertainties per-
sist, due to the differences among the predictions of different
models.
The Fourth Assessment Report (AR4) of the Intergovern-
mental Panel on Climate Change (IPCC) (Denman et al.,
2007) re-analysed results from Friedlingstein et al. (2006),
breaking down the models’ aggregate global responses to
environmental changes into components representing differ-
ent processes. This analysis revealed large disagreements at
a fundamental level. Although all models showed a positive
response of global NPP to [CO2] increase alone (“CO2 fer-
tilization”), the magnitude differed by a factor of ﬁve be-
tween the smallest and the largest modelled response. The
response of NPP to global warming (and other associated
climate changes) was positive in some models but negative
in others. All models showed a negative effect of climate
change on the overall terrestrial carbon balance (“climate-
carbon cycle feedback”), but the modelled responses differed
by a factor of 7.5. Subsequent DGVM development, partic-
ularly the inclusion of an interactive terrestrial nitrogen cy-
cle in several models (e.g. Sokolov et al., 2008; Thornton
et al., 2009; Zaehle and Friend, 2010), has failed to reduce
this uncertainty. Some models have even shown an increase
in terrestrial carbon storage with global warming (Thornton
et al., 2009; Sokolov et al., 2008), although this appears to
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be inconsistent with atmospheric constraints indicating that
warming reduces terrestrial carbon storage and increases at-
mospheric [CO2] (Friedlingstein and Prentice, 2010).
One possible approach to narrowing the uncertainties in
DGVMs is to test simpler, stand-alone models for the com-
ponent processes. We suggest that the important differences
in the ways in which models represent processes might be
reducible to a small set of contrasting assumptions. We fo-
cus here on the controls of primary production, the most fun-
damental of all terrestrial ecosystem processes. We exploit
a large data set of forest NPP measurements spanning the
range of forest types in China (Luo, 1996), supplemented by
a smaller data set of grassland NPP measurements, to ex-
plore the predictions made by simple but theoretically de-
rived models based on the concepts of water-use efﬁciency
(WUE) and light-use efﬁciency (LUE) respectively. We ﬁnd
that the observations can be ﬁtted by both types of model,
while revealing important differences in their predictions for
the responses of NPP to changes in [CO2] and climate. Be-
cause of the relative simplicity of the models we can begin
to analyse their differences, and suggest which aspects of the
responses might need to be better characterized empirically.
2 Materials and methods
2.1 Background
Carbon dioxide assimilation through the stomata of vascu-
lar plants inevitably entails simultaneous loss of water to the
atmosphere. The concept of WUE (the ratio of carbon as-
similated to water lost) quantiﬁes this trade-off. WUE has
attracted increased interest recently, with the surge in pop-
ularity of the eddy covariance technique to quantify carbon
gain and water loss at the ecosystem level (Baldocchi, 1994;
Kuglitsch et al., 2008; Jassal et al., 2009). The idea of using
water use (via WUE) to predict assimilation has been used
for modelling crop growth (GLAM, Challinor et al., 2004)
and large-scale gross primary production, GPP (Beer et al.,
2007).
The concept of LUE (the ratio of carbon assimilation
to absorbed photosynthetically active radiation, PAR) also
emerged from studies of crop growth (Monteith and Moss,
1977). LUE gained popularity as a way to calculate GPP
from incident PAR and remotely sensed measurements of the
fraction of absorbed PAR green plants (fAPAR) (e.g. Prince
and Goward, 1995; Running et al., 2004). The LUE concept
is used in the Lund-Potsdam-Jena (LPJ) DGVM (Sitch et al.,
2003) and its derivatives. LPJ relies on a theoretical analysis
(Haxeltine and Prentice, 1996a) to predict LUE as a function
of environmental controls, based on a simpliﬁed version of
the Farquhar et al. (1980) model of photosynthesis. An im-
portant assumption of this analysis is that photosynthetic ca-
pacity acclimates to environmental conditions so as to maxi-
mize daily net photosynthesis at the leaf level (Haxeltine and
Prentice, 1996b; Dewar, 1996).
In applying the WUE and LUE concepts, we proceed in
two steps (Table 1):
– First we ﬁt “Level 0” or empirical models, in which
simple proportional relationships between measured an-
nual forest NPP and either an estimate of annual evap-
otranspiration (WUE), or an estimate of annual PAR
absorption (LUE), are ﬁtted statistically. Annual evap-
otranspiration for the Level 0 WUE model is derived
from annual precipitation and annual equilibrium evap-
otranspiration (a measure related closely to potential
evapotranspiration) using a well-established relation-
ship in hydrology, derived from the so-called Budyko
framework in which evapotranspiration is taken to vary
smoothly between two end-states representing control
by water availability (in dry climates) and control by
energy availability (in wet climates). Annual PAR ab-
sorption for the LUE model is obtained as the product
of annual incident PAR and a satellite-derived estimate
of annual fAPAR, the fraction of incident PAR that is
absorbed by green plants.
– Second, in order to perform sensitivity experiments in
which environmental factors including CO2 concentra-
tion are varied, we develop “Level 1” or semi-empirical
models. These are based on explicit theoretical deriva-
tions of the WUE and LUE concepts. The Level 1 mod-
els are also statistically ﬁtted with the same forest NPP
data set, but the predictor variables (annual evapotran-
spiration and annual PAR absorption, respectively) are
modiﬁedtotakeintoaccountadditionalexpectedeffects
of environmental variation on WUE and LUE. Speciﬁ-
cally, the Level 1 WUE model takes into account the ef-
fect of vapour pressure deﬁcit on stomatal conductance.
We estimate this effect indirectly, using a previously
published empirical relationship between leaf δ13C and
aclimaticmoistureindex.TheLevel1LUEmodeltakes
into account the known dependence of the photosyn-
thetic CO2 compensation point on temperature, and an
empirical relationship between the climatic moisture in-
dex and fAPAR.
The derivations of both of the Level 1 models rely on two
simplifying assumptions. (1) We assume that light, water and
[CO2] are the primary controls on GPP; and therefore, that
soil nutrient availability is a secondary consideration (con-
trary to some interpretations, e.g. Huston and Wolverton,
2009). (2) Although not pre-assigned any particular fraction,
NPP is implicitly assumed to be approximately a constant
fraction of GPP – that is, annual autotrophic respiration is
assumed to be a ﬁxed fraction of GPP or, equivalently, car-
bon use efﬁciency is taken to be constant across different en-
vironments and climates (Waring et al., 1998). This second
assumption appears to be contrary to the analysis of Piao
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Table 1. Fitted linear regression models with dependent variables, explanatory variables, correlation coefﬁcients (r) and regression slopes
(without intercept).
Models Dependent Explanatory r Slope
variables variables
Level 0 forest NPP Ea 0.6544 1.0712
models forest NPP IPAR0·fAPAR 0.6638 0.2633
Level 1 forest NPP Ea(ci/ca)2/(1−ci/ca) 0.6485 0.2589
WUE Beer et al. GPP Ea(ci/ca)2/(1−ci/ca) 0.8890 0.4513
model Grassland ANPP Ea(ci/ca)2/(1−ci/ca) 0.3363 0.1781
Level 1 Forest NPP IPAR0·fAPAR (ci - 0∗)/(ci +20∗) 0.6268 0.3516
LUE Beer et al. GPP IPAR0·fAPAR (ci −0∗)/(ci +20∗) 0.8843 0.6168
model Grassland ANPP IPAR0·fAPAR (ci −0∗)/(ci +20∗) 0.3055 0.1442
et al. (2010); however, subsequent re-analysis of the avail-
able co-located NPP and GPP data has revealed that the ratio
of autotrophic respiration to GPP becomes independent of
mean annual temperature when the distinction between man-
aged and old-growth forests is taken into account (S. Piao
and P. Ciais, personal communication, 2011). The NPP data
we use are from managed forests of various ages. Both as-
sumptions are re-examined later on.
Since the NPP data we exploit here refer to mean annual
productivity, the entire approach is for “equilibrium” condi-
tions. All the formulas involved in the estimation of water
use and light use are intended to be valid at an annual scale,
not for any shorter period.
2.2 Data
2.2.1 NPP data
1238 plot-based records of forest total (above- plus below-
ground) NPP were obtained from a dataset constructed by
Luo (1996) and Ni (2003), which in turn was based on the
Chinese literature from the 1970s to 1990s and the continu-
ous forest-inventory plots of the State Forestry Administra-
tion during the period of 1989 to 1993. Most of the plots are
managed forest, while only 17% plots are “old-growth” for-
est (>100yr old). The data in Luo (1996) are provided in
tonnes (Mg) dry matter ha−1 a−1. We converted the data to
gCm−2˙ a−1, using a factor of 0.5 to convert dry matter to
carbon content.
We also used 135 records of above-ground NPP (ANPP)
compiled by Ni (2004) from ﬁeld measurements of managed
semi-natural grasslands in northern China. All the grass-
lands are grazed, but heavily disturbed sites were avoided. Ni
(2004) derived total NPP from these sites, but the results are
strongly dependent on the estimates used for below-ground
carbon allocation. This is especially true for the driest and
coldest sites where the bulk of the production occurs below
ground. We have used only the above-ground NPP measure-
ments in this study, as they are closer to the primary observa-
tions. We then examine the implications of our ﬁndings for
ANPP/NPP ratios.
We have also used the globally extrapolated GPP data of
Beer et al. (2010) at 0.5◦ resolution as a way to obtain an
independent estimate of the WUE and LUE of GPP at the
grid cells where we have NPP measurements. By compar-
ing results obtained from Chinese forest NPP measurements
with results obtained for the global GPP data set, we are able
to get a rough estimate of the actual ratio of NPP to GPP
for forests in the region. Even though the dataset of Beer et
al. (2010) is a modelled product, this dataset can still be used
as an independent check of our models, since it is based on
observations (eddy-covariance ﬂux measurements) that are
independent of our NPP data.
2.2.2 Environmental data
The bioclimatic variables used in all of the Level 0 and
Level 1 models were calculated from spatially interpolated
(gridded) climatological data. Mean monthly values of tem-
perature, precipitation, and percentage of possible sunshine
hours were derived from 1814 meteorological stations across
China (740 stations have observations from 1971–2000, the
rest from 1981–1990: China Meteorological Administration,
unpublished data). These data were interpolated at 0.1◦ grid
resolution for mapping, and to the speciﬁc locations and el-
evations of the forest NPP plots, using three-dimensional
smoothing splines (ANUSPLIN version 4.36: Hancock and
Hutchinson, 2006). Bioclimatic variables were then calcu-
lated as in Prentice et al. (1993, 2011): the daily mean tem-
perature during the growing season (the period with daily-
interpolated temperatures >0 ◦C) (mGDD0, ◦C), the total
annualincidentphotosyntheticallyactiveradiationduringthe
growing season (IPAR0, molm−2 a−1), annual equilibrium
evapotranspiration (Eq, mma−1), and the climatic moisture
index (MI=MAP/Eq where MAP is mean annual precipita-
tion, mma−1).
Equilibrium evapotranspiration is deﬁned as the stable rate
of evapotranspiration that is approached when air passes
over a homogeneous, well-watered surface under constant
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environmental conditions. Although these conditions are hy-
pothetical, Eq is a well understood physical quantity whose
value depends only on temperature and net radiation ac-
cording to the expression λEq = Rn [s/(s +γ)] where λ
is the latent heat of vaporization of water (a weak func-
tion of temperature), Rn is net radiation, s is the slope of
the Clausius-Clapeyron relationship between the saturated
vapour pressure of water and temperature (this slope it-
self increases with temperature), and γ is the psychrom-
eter constant. Eq forms the basis for the widely used
Priestley-Taylor equation for potential evapotranspiration,
Ep = 1.26Eq. Based on the Budyko framework, the equa-
tion Ea = Ep [1+MI−(1+MIw)1/w ] (Zhang et al., 2004),
where w is a single empirical parameter with a limited range
of values, makes it possible to estimate annual actual evapo-
transpiration (Ea, mma−1) from MI and Eq. For simplicity,
we set w to a single generic the value of 3, appropriate to
forest, and Ep = Eq.
To test the robustness of this method to calculate Ea,
we compared its results with an alternative, more explicitly
process-based method based on soil-moisture accounting, as
described by Prentice et al. (1993). This method requires soil
water-holding capacities to be assigned to grid cells: in this
wefollowed Wangetal. (2011).In thesoil-moistureaccount-
ing algorithm, daily Ea is computed using an analytical ex-
pression for the integral over the 24-h cycle of the lesser of
two quantities: a demand function, which is Eq, and a sup-
ply function. The supply function takes a maximum value
of 1mmh−1 which is diminished in proportion to the frac-
tional volumetric soil water content, in order to mimic the
observed reduction in transpiration rate as soils dry out. The
soil is treated as a single water store to which precipitation is
added and from which evapotranspiration is removed. If the
store is full, the excess water runs off. The annual cycle is
iterated until a stable seasonal cycle of evapotranspiration is
reached. This algorithm yielded values of Ea that were larger
by a factor 1.17 but with a very high correlation (r = 0.98)
to the estimates made with the Zhang equation.
The variables mGDD0, IPAR0, Eq, and MI and Ea esti-
mated from the Zhang equation, are mapped in Fig. 1. The
contents of three soil nutrient elements phosphorus, potas-
sium and nitrogen at the forest NPP observation plots were
obtained from the digitized 1:1 million soil map of China
(Shi et al., 2004).
2.3 Models
2.3.1 The simple (Level 0) WUE model
Our Level 0 WUE model assumes simple proportionality be-
tween NPP and Ea. We ﬁtted this model to the forest NPP
data by ordinary least-squares linear regression of NPP (ob-
servations) against Ea (from the Zhang equation), with the
intercept ﬁxed to zero (Table 1).
2.3.2 Theoretical derivation of a (Level 1) WUE model
Due to the resistance of stomata to the inward diffusion of
CO2 and the photosynthetic drawdown of CO2 in the leaves,
ci in illuminated leaves is always less than ca. From the dif-
fusion equation, the relationship between net photosynthesis
and the CO2 concentration gradient across the leaf epidermis
is:
A = gsca(1−ci/ca) (1)
where A is GPP and gs is stomatal conductance to CO2 (usu-
ally expressed in molCm−2 s−1). At the whole-ecosystem
level as considered here, gs is a bulk conductance, which de-
pends on foliage cover as well as on the average leaf-level
stomatal conductance.
The ratio of internal CO2 concentration (ci, µmolmol−1 or
ppm) to ambient CO2 concentration (ca, in the same units) is
an index of the regulation of stomatal conductance. We es-
timated effective growing-season values of ci/ca as follows:
ci/ca = 0.426+0.417MI. (2)
This expression combines the standard approximation for
δ13Cleaf (Farquhar et al., 1982, 1989) with an empirical re-
gression equation for δ13Cleaf as a function of MI for C3
plants, based on ﬁeld measurements ranging from dense
forests to desert (MI from 0.17 to 0.96) along the North East
China Transect (Prentice et al., 2011). Since stomatal con-
ductance is regulated in a way that maintains ci/ca typically
around 0.7 to 0.9 in C3 plants under conditions of moder-
ate vapour pressure deﬁcit (D) and adequate soil moisture
(Wong et al., 1979), we assumed that ci/ca does not increase
beyondamaximumvalueof0.843forMI≥1.Estimatedval-
ues of ci/ca are mapped in Fig. 1.
Diffusion through the stomata also controls plant water
loss according to:
E = 1.6gsD (3)
where E is transpiration and D is the (dimensionless) vapour
pressure deﬁcit at the leaf surface. Here again gs is a bulk
conductance. For simplicity we assume that evaporation
from bare ground and interception from leaves add up to
an approximately constant fractional loss of water to the
plants, with evaporation from bare ground more important in
sparsely vegetated environments and interception more im-
portantinforests.WethusderiveaWUEmodelfromEqs.(1)
and (3):
A = 0.63q(ca/D)(1−ci/ca)Ea (4)
where Ea is actual evapotranspiration (including bare ground
evaporation and interception), and q (≤ 1) is the fraction of
Ea that is transpired.
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Fig. 1. The distribution pattern of eight environmental or ecophysiological variables: moisture index (MI), ci/ca ratio, equilibrium evapotran-
spiration (Eq: mma−1), actual evapotranspiration (Ea: mma−1), mean temperature of the period above 0◦C (mGDD0: ◦C), accumulated
photosynthetic active radiation during the period above 0◦C (IPAR0: molm−2 a−1), fraction of absorbed photosynthetic active radiation
(fAPAR), CO2 compensation point (0∗: ppm).
The effective, growing-season value of D is unknown
andnoteasilycalculatedfrommeteorologicalmeasurements.
Many models require D to be speciﬁed as an external vari-
able in a similar way to temperature or precipitation. How-
ever, D is not really independent of ecosystem properties; it
is controlled by evapotranspiration and the dynamics of the
planetary boundary layer, which in turn are determined by
energy exchanges at the land surface as well as by condi-
tions in the free troposphere (Raupach, 1995). Furthermore,
stomatal optimization theory (Medlyn et al., 2011) implies a
functional relationship between D and ci/ca:
D = ξ2(1−ci/ca)2/(ci/ca)2 (5)
where ξ is a parameter. There is some evidence that ξ varies
among species (Medlyn et al., 2011) and with leaf or soil
water potential (Manzoni et al., 2011), but based on an anal-
ysis of available data from drying experiments, the response
of ci/ca to soil moisture appear to be relatively slight com-
paredwithitsresponsetoD (Zhouetal.,2012).Accordingly,
we do not consider variation in ξ when estimating D. This
simpliﬁcation can be justiﬁed on two further grounds. First,
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because of the dependence of atmospheric water vapour con-
tent on transpiration, soil moisture index and D (as the two
controls of ci/ca) must themselves be mutually correlated,
and therefore it is reasonable to expect a correlation between
long-term values of ci/ca and D. Second, and most impor-
tantly for our analysis, the estimates of ci/ca from Eq. (2)
implicitly include variation in ξ with species and soil mois-
ture to the extent this occurs. This is because they are based
on observed 13C discrimination by plants growing in their
natural environment.
Substituting Eq. (5) into Eq. (4), we then obtain:
A = 0.63qξ−2caEa(ci/ca)2/(1−ci/ca) (6)
Eq. (6) is our Level 1 WUE model, which could be fully
expressed as:
A = 0.63qξ−2caEp[1+MI−(1+MIw)1/w] (7)
(0.426+0.417MI)2/(0.574−0.417MI)
by substituting Ea with the Zhang equation and ci/ca with
Eq. (2).
We ﬁtted this model by ordinary least-squares lin-
ear regression of forest NPP data against the product
Ea(ci/ca)2/(1−ci/ca) with the intercept ﬁxed to zero (Ta-
ble 1).
2.3.3 The simple (Level 0) LUE model
Our Level 0 WUE model assumes simple proportionality be-
tween NPP and the product of incident PAR and annual fA-
PAR. We ﬁtted this model to the forest NPP data by ordinary
least-squares linear regression of NPP (observations) against
the product IPAR0×fAPAR, with the intercept ﬁxed to zero.
To estimate annual fAPAR, we used monthly fAPAR data
on a 0.5◦ grid from the SeaWiFS satellite product (Gobron
et al., 2006). Annual fAPAR is the ratio of total annual ab-
sorbed PAR to total annual incident PAR, and is therefore
properly calculated as a weighted average of monthly values
(weighted by each month’s total incident PAR) (Fig. 1).
2.3.4 Theoretical derivation of a (Level 1) LUE model
We start from the assumption that the photosynthetic capac-
ity of leaves at any level in the canopy acclimates spatially
and temporally during the course of the growing season to
the prevailing daytime incident PAR, so as to be neither in
excess (which would entail additional, non-productive main-
tenance respiration) nor less than required for full exploita-
tionoftheavailablePAR(HaxeltineandPrentice,1996a;De-
war, 1996). This assumption implies co-limitation of photo-
synthesis by carboxylation and electron transport under typ-
ical daytime conditions. It leads to the simpliﬁcation that ef-
fects of environmental changes (water availability, tempera-
ture, ca) can be expressed through a simpliﬁed equation for
electron-transport limited photosynthesis:
A = fAPARφoIPAR0(ci −0∗)/(ci +20∗) (8)
where φo is the intrinsic quantum efﬁciency of photosynthe-
sis and 0∗ is the CO2 compensation point. It is implicit that
not only the Rubisco capacity (Vcmax) but also the maximum
capacity for electron transport (Jmax) acclimates to PAR, so
that A never approaches light saturation due to Jmax limita-
tion under typical daytime conditions. The relative conser-
vatism of the ratio Jmax/Vmax in wild plants (Wullschleger,
1993) supports this.
Equation (7) is our Level 1 LUE model. But although
we have data on present-day fAPAR, a model is required
to predict changes in fAPAR with changes in environment.
Annual fAPAR is a remotely sensed quantity proportional
to the green foliage projective cover (FPC). It is related
to leaf area index (LAI) through Beer’s law such that fA-
PAR is approximately proportional to LAI at low values of
LAI (< 1), approaching 1 at high values of LAI. It has long
been known (e.g. Specht, 1972) that water availability is the
dominant control of evergreen (or growing-season) FPC, and
more recent analyses (e.g. Nemani and Running, 1989, Ker-
goat, 1998) have shown that large-scale patterns of growing-
season LAI are close to equilibrium with water supply. Based
on this knowledge, we ﬁtted a country-wide empirical rela-
tionship for fAPAR as a function of MI:
fAPAR = 0.53{1−exp[−0.7(MI−0.15)]} (9)
using non-linear regression of the gridded SeaWiFS annual
fAPAR data against MI. Equation (8) then allowed us to es-
timate fAPAR from MI.
The CO2 compensation point 0∗ (ppm) depends strongly
on temperature. Bernacchi et al. (2003) ﬁtted the Arrhenius
equation to measurements in vivo of 0∗ at different temper-
atures. This relationship can be re-expressed to a close ap-
proximation, for the relevant range of temperatures, as an or-
dinary exponential function:
0∗ = 0∗
25exp(0.05121T) (10)
where 1T is the difference between the measurement tem-
perature in ◦C (TC) and 25 ◦C. We substituted the mean
growing-season temperature (mGDD0) for TC to estimate ef-
fective growing-season values of 0∗. These are mapped in
Fig. 1.
Therefore, our Level 1 LUE model could be fully ex-
pressed as:
A = 0.53{1−exp[−0.7(MI−0.15)]}φoIPAR0 (11)
{0.426ca +0.417caMI−0∗
25exp(0.05121T)}/
{0.426ca +0.417caMI+20∗
25exp(0.05121T)}
by substituting in Eq. (8) with ci/ca from Eq. (2), fAPAR
from Eq. (9) and 0∗ from Eq. (10).
To ﬁt the model, we performed a linear regression of the
NPP data on the product fAPAR×IPAR0 (ci −0∗)/(ci +
20∗) with ci/ca estimated from Eq. (2), fAPAR from Eq. (8),
0∗ from Eq. (9), and the intercept ﬁxed to zero.
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2.4 Additional tests
To test for a possible dependence of NPP on soil nutrient
availability, we categorized the soil P, K and N concentra-
tions for each forest NPP measurement site (identifying suit-
able breakpoints based on histograms of the values) and per-
formed separate performed separate regressions of NPP on
the light- and water-based predictors for the different cate-
gories. To test for a possible dependence of NPP on stand
age, we also performed separate regressions for three stand
age classes (<50yr, 50–100yr and >100yr).
We also ﬁtted the Level 1 WUE and LUE models to the
GPP dataset of Beer et al. (2010) (Table 1). Using GPP data,
the regression slope of the WUE model can be interpreted
as an estimate of 0.63qξ−2ca and the regression slope of the
LUE model can be interpreted as an estimate of φo. Further-
more, by comparing these slopes with those obtained from
ﬁtting the forest NPP data, we could obtained a rough esti-
mation of the average ratio of NPP to GPP in the forest plots.
Grasslands occupy a large area of China and play a signif-
icant role in China’s terrestrial carbon cycle. We tested the
models’ applicability to grasslands as well as forests. We ﬁt-
ted Level 1 WUE and LUE models to the grassland ANPP
data of Ni (2004) and compared the results with those ob-
tained with the forest NPP data (Table 1). If the true relation-
ships of NPP to the predictors were similar in forests and
grasslands, then we would expect the ratios of the slopes
to indicate the fraction of grassland NPP allocated above
ground. We therefore compared these ratios to the results of
Hui and Jackson (2006), whose estimates of belowground
NPP were based on 94 site-years of ﬁeld biomass measure-
ments at twelve grassland sites around the world.
2.5 Sensitivity experiments
Regional averages of temperature and precipitation projec-
tions under the A1B scenario for 2080 to 2099 from IPCC
AR4 (Christensen et al., 2007) were used to suggest simple
sensitivity experiments as follows. For all 0.1◦ grid cells the
mean temperature of each month was increased by 3.5K and
the mean precipitation of each month altered by ±10%. We
considered changes of each single climatic factor, and both
together, under recent [CO2] (366ppm) and doubled [CO2]
(732ppm). For each projected climate and [CO2] level, we
mapped the changes from the baseline state, and also calcu-
lated the area-weighted average NPP across all grid cells.
3 Results
3.1 Analysis of forest NPP data
Both Level 0 models (WUE and LUE) yielded highly signiﬁ-
cant regressions, with closely similar correlation coefﬁcients
(r = 0.650 for WUE model and 0.664 for LUE model) (Ta-
ble 1).
The Level 1 WUE and LUE models also yielded highly
signiﬁcant regressions, and correlation coefﬁcients similar to
those from the Level 0 models (r = 0.649, 0.627) (Table 1,
Fig. 2). That these correlations are slightly smaller than those
obtained with the Level 0 models suggests that the theoreti-
cally derived models could be improved. This is not surpris-
ing as a number of additional assumptions were made in the
derivations. But the differences are small.
When different soil nutrient classes were analysed sepa-
rately using the Level 1 models, some statistically signif-
icant differences were found among the regression slopes
(Table 2, Fig. 3). There is a signiﬁcant difference between
the WUE model slopes for low and high P concentration,
but the magnitudes differ by only 7.6%. The largest percent-
age difference in slopes (20.8%) was between soils with low
and high K concentration. The results generally indicate a
greater slope for higher nutrient availability, except for the
highest level of P in the LUE model, which breaks this trend.
Low and high N classes showed no signiﬁcant differences in
slope.
There were small but signiﬁcant differences in the regres-
sion slopes for the different age classes, with the >100yr
age class showing a slope reduced by 14% (Table 3, Fig. 3).
3.2 Modelled responses of NPP to changes in climate
and [CO2]
Precipitation changes elicited similar responses in both mod-
els: increasing NPP with more precipitation, and decreas-
ing NPP with less (Table 4, Fig. 4). Under recent [CO2],
the WUE model estimated an area-weighted average NPP of
369gCm−2 a−1 and the LUE model 393gCm−2 a−1. The
modelled changes of NPP between baseline and 10% precip-
itation change were similar: −40gCm−2 a−1 (WUE model)
and −37gCm−2 a−1 (LUE model) with less precipitation,
and +36gCm−2 a−1 (WUE model) and +34gCm−2 a−1
(LUE model) with more precipitation. The responses of NPP
to precipitation were in the same direction under doubled
[CO2]. Both models also indicated a regional heterogeneity
in the NPP response to precipitation change. Under recent
[CO2], both models showed larger absolute NPP changes in
wet regions. But the WUE model indicated the highest sen-
sitivity region at the transition between wet and dry regions,
while the LUE model indicated the highest sensitivity in wet
regions.
Warming was predicted to have a negative effect on area-
weighted average NPP, with a change of −7 (WUE model)
or −22gCm−2 a−1 (LUE model). The regional patterns of
response differed between the models. In the LUE model,
warming reduced NPP over most of China, with the strongest
effect in South China. Exceptions were for a large area in
TibetanPlateau,andasmallareainthetransitionbetweenthe
wetanddryregions.Reductionsofmorethan75gCm−2 a−1
were simulated (Fig. 4). In the WUE model, NPP generally
increased by >25gCm−2 a−1 in South China, with negative
www.biogeosciences.net/9/4689/2012/ Biogeosciences, 9, 4689–4705, 20124696 H. Wang et al.: Primary production in forests and grasslands of China
Table 2. Regression slopes of observed NPP against Level 1 WUE and LUE model predictors for different soil nutrient levels, and t-values
for all pairwise comparisons among the levels (bold: P < 0.05 or better).
WUE model slope standard sample pairwise t-values
error size
N concentration < 0.2
< 0.2 0.2600 0.0037 775
≥ 0.2 0.2565 0.0053 463 0.5555
P concentration ≤ 0.05 ≥ 0.15
≤ 0.05 0.2555 0.0041 515 2.0691
0.05–0.15 0.2618 0.0049 579 0.9727 0.9728
≥ 0.15 0.2765 0.0124 144
K concentration ≤ 0.5 ≥ 4
≤ 0.5 0.2503 0.0051 419 2.7688
0.5–4 0.2598 0.0039 779 1.4612 2.1652
≥ 4 0.2978 0.0151 40
LUE model slope standard error sample size pairsie t-values
N concentration < 0.2
< 0.2 0.3552 0.0030 775
≥ 0.2 0.3445 0.0039 463 1.3633
P concentration ≤ 0.05 ≥ 0.15
≤ 0.05 0.3520 0.0035 515 2.8518
0.05∼0.15 0.3563 0.0037 275 0.4909 3.3671
≥ 0.15 0.3173 0.0071 144
K concentration ≤ 0.5 ≥ 4
≤ 0.5 0.3414 0.0042 419 3.9354
0.5∼4 0.3502 0.0029 779 1.0973 3.8396
≥ 4 0.4312 0.0139 40
Table 3. Regression slopes of observed NPP against Level 1 WUE and LUE model predictors for three stand age classes, and t-values for all
pairwise comparisons among the three classes (bold: P < 0.05 or better).
WUE model slope standard sample pairwise t-values
stand age error size < 50 > 100
< 50 0.2639 0.0040 657 4.3565
50–100 0.2654 0.0059 348 0.2146 3.9092
> 100 0.2290 0.0072 233
LUE model slope standard error sample size pairwise t-values
stand age < 50 > 100
< 50 0.3674 0.0033 657 5.7791
50–100 0.3456 0.0043 348 1.8151 3.9314
> 100 0.3021 0.0055 233
responses elsewhere, and no increase in the Tibetan Plateau
region.
When warming and changes in precipitation were com-
bined, both models indicated a similar tendency: the effect
of precipitation change was stronger than that of warming in
thenorth,butweakerinthesouth(Fig.4).Butthegeographic
response patterns were different. In the LUE model, warm-
ing and reduced precipitation together led to an overall NPP
reduction. Higher NPP in the north was approximately bal-
anced by lower NPP in the south. In the WUE model warm-
ing and increased precipitation enhanced overall NPP.
The area-weighted average NPP indicates a much larger
[CO2] response of the WUE model than the LUE model (Ta-
ble 4), enhancing the positive effect of precipitation increase
and warming in the south while counteracting the negative
effect of precipitation decrease and warming in the north. In
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Table 4. Area-weighted average predicted NPP (gCm−2 a−1) in baseline climate scenarios under recent [CO2] and relative changes of
area-weighted average predicted (gCm−2 a−1) for six climate scenarios under recent and doubled [CO2].
recent [CO2] doubled [CO2]
WUE model LUE model WUE model LUE model
Baseline 369 393 +370 +50
Temperature +3.5K −7 −22 +357 +33
Precipitation −10% −40 −37 +290 +10
Precipitation +10% +36 +34 +442 +87
Temperature +3.5K −48 −59 +273 −8
Precipitation −10%
Temperature +3.5K +32 +13 +435 +72
Precipitation +10%
Fig. 2. Relationship between forest NPP and predictors in the
Level 1 WUE and LUE models.
contrast, the [CO2] response of the LUE model was not large
enough to counteract the negative effect of warming and/or
reduced precipitation in some regions (Fig. 5).
Desert, widely distributed in interior northwestern
China, is the least productive ecosystem type with
<200gCm−2 a−1 WUE modelled NPP (Fig. 4). The two
models showed completely different responses of desert
NPP. The WUE model showed a positive response to both
precipitation increase and doubled [CO2] whereas the LUE
model showed little change under any conditions.
4 Discussion
4.1 Comparison with other analyses
The Level 1 LUE and WUE models were additionally ﬁt-
ted to Beer et al.’s GPP data, yielding slopes of 0.617 and
0.451 (Table 1) with r = 0.88 and 0.89, respectively. The
high correlations are to be expected, as climatic conditions
play a leading role in the algorithms used by Beer et al. to
extrapolate GPP. GPP values estimated in this way lack natu-
ral spatial variability due to variations in soil water capacity,
nutrient availability, topography and land-use history. Such
variability is not included either in Beer et al.’s procedure or
in our models, while being inherent in ﬁeld NPP measure-
ments.
By comparing estimated regression slopes for the forest
NPP data and for Beer et al.’s GPP data we can obtain some
approximate information about the ratio of NPP to GPP. The
comparison yields an implied NPP/GPP ratio of 0.57 in both
the Level 1 models (0.2589/0.4513 in the WUE model and
0.3516/0.6168 in the LUE model). The value of 0.57 can be
compared e.g. with the generic value of 0.5 was suggested
by Waring et al. (1998) and the mean value of 0.52 given by
Zhang et al. (2009), with lower values in dense vegetation.
(However, note that this is a pure model result, as the MODIS
data retrievals contain no information about the NPP/GPP
ratio). NPP/GPP ratios estimated by Zhang et al. (2009) for
China ranged from 0.45 in the south to 0.7 in the interior.
DeLucia et al. (2007) in a meta-analysis indicated NPP/GPP
ratios ranging from 0.32 in old-growth boreal forests to 0.59
in temperate deciduous forests. Piao et al. (2010) indicated
a range from about 0.3 to 0.5, based on a global forest NPP
and CO2 ﬂux dataset compiled by Luyssaert et al. (2007).
When the forest sites were divided into age classes,
forests >100yr old (Fig. 3, Table 3) show lower regression
slopes than the younger age classes. Lower slopes are con-
sistent with lower GPP, and/or a reduced NPP/GPP ratio
(e.g. Makela and Valentine, 2001), in old-growth forests. Ei-
ther way, it is likely that somewhat higher overall values of
LUE and WUE have been obtained from this managed forest
data set than would be obtained for semi-natural forests with
greater average age and biomass.
We compared our modelled values for forest WUE (de-
ﬁned as the ratio of predicted NPP to Ea) with indepen-
dent determinations for the main forest types (broad-leaved
deciduous, broad-leaved evergreen, needle-leaved evergreen,
mixed) by Beer et al. (2009) and Zhu et al. (2011). Zhu et
al. (2011) used the integrated Biosphere Simulator (IBIS)
to simulate GPP and Ea in China between 2002 and 2006.
WUE was calculated as the ratio of GPP to evapotran-
spiration for different vegetation types. The study of Beer
et al. (2009) used eddy covariance data to calculate both
www.biogeosciences.net/9/4689/2012/ Biogeosciences, 9, 4689–4705, 20124698 H. Wang et al.: Primary production in forests and grasslands of China
Fig. 3. Relationships between forest NPP and Level 1 WUE model
predictors for different levels of soil nitrogen (N), phosphorus (P),
potassium (K) concentrations, and stand ages (years).
WUE and “inherent WUE” (the product of WUE and vapour
pressure deﬁcit) for different vegetation types. Our esti-
mates of WUE were generally consistent with those of Zhu
et al. (2011) but lower than those of Beer et al. (2009)
(Fig. 6). This discrepancy is likely caused by the fact that
data from rainy days, which would be characterized by high
interception losses, were excluded from analysis by Beer
et al. (2009). The close similarity of our ﬁtted values for
WUEforevergreenbroadleaved,needleevergreenandmixed
forests may arise because we assumed constant ci/ca ratios
for MI≥1.
Knorr and Heimann (1995) obtained a global LUE for
NPP of ∼0.02molCmol−1 photons based on their simple
carbon cycle model, which was driven by fAPAR data and
calibrated using observed seasonal cycles of atmospheric
CO2 concentration at different latitudes. This is similar to
our estimated value of 0.0293molCmol−1 photon, obtained
from the regression slope of forest NPP on annual absorbed
PAR in the Level 1 LUE model (0.3516gCmol−1 photon:
Table 1).
Our analyses provide no support for the hypotheses of
Huston and Wolverton (2009). Huston and Wolverton hy-
pothesized that forest NPP is lower in the tropics than in
temperate regions. We ﬁnd the opposite, i.e. for all models,
there is a strong positive relationship between forest NPP
and evapotranspiration or PAR – both variables that sys-
tematically increase from temperate towards tropical regions
(Fig. 1). Huston and Wolverton also proposed that nutrient
availability is the primary control on forest NPP. However,
our results show that effects of nutrient availability – when
considered over a large climatic range – are secondary to
those of energy (whether expressed in terms of evapotran-
spiration or PAR) and water availability. This is clear from
inspection of the relevant plots in Fig. 3, where the effects of
nutrient status classes are dwarfed by the range of NPP val-
ues corresponding to the x-axis predictors (which reﬂect the
inﬂuence of energy and water in both models). Interestingly,
the largest differences in regression slopes were for K rather
than for P or N, which are much more widely discussed as
potential controls of productivity in ecological contexts.
The ratios of ANPP to total NPP for grassland were
estimated to be 0.59 (1−0.1442/0.3516) and 0.31 (1−
0.1781/0.2589) by the Level 1 LUE and WUE models, re-
spectively (Table 1). The former value is within while the
latter value is below the range of 0.40 to 0.86 estimated by
Hui and Jackson (2006) based on independent ﬁeld data,
with the lowest values applying to the driest sites. The grass-
land ANPP data come from a large range of vegetation
types including typical steppe, meadow steppe, desert steppe
and alpine grassland, so they encompass large differences in
ANPP; and also very likely in the ANPP/NPP ratio, as they
includesitesrangingfromwettoextremelydryclimates.The
available data are insufﬁcient to support a more detailed anal-
ysis. So for the present, we can have less conﬁdence in our
models’ applicability to non-forest vegetation types.
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Fig. 4. The distribution pattern of NPP and NPP changes predicted by WUE model and LUE model, in six climatic scenarios under recent
[CO2].
4.2 Contrasting effects of warming
In the Level 1 WUE model warming induces higher equilib-
rium evapotranspiration and annual plant water use, which (if
all else were equal) would imply greater CO2 uptake. How-
ever,warmingalsotendstoincreasedrought,andthereforeto
increase the atmospheric vapour pressure deﬁcit, resulting in
stomatal closure, lower ci/ca ratio and reduced CO2 uptake.
The net effect of these two competing effects is to increase
modelled NPP in humid South China while decreasing it in
drier North China (Fig. 4).
In the Level 1 LUE model, warming reduces NPP through
its effect on the CO2 compensation point, which is higher at
high temperatures. Where warming also leads to drying, fo-
liage cover and thus NPP are further reduced. On the other
hand, since the driving variable IPAR0 is deﬁned as the to-
tal incident PAR integrated over the growing season, an ex-
tension of the growing season because of warming will al-
low more PAR to be used for photosynthesis; thus increasing
NPP. In South China, where daily temperature is all above
zero all year around, there can be no further extension of
the growing season and therefore no positive effect on pro-
duction through IPAR0; but there will still be a small neg-
ative effect of warming, due to the higher CO2 compensa-
tion point. As a result, warming has only negative effects on
NPP in South China, according to this model. By contrast,
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Fig. 5. The distribution pattern of NPP changes predicted by WUE model and LUE model, in six climatic scenarios under doubled [CO2].
in colder North China, warming will lead to an extension of
the growing season, and this positive effect on production
can easily outweigh other effects. Especially on the Tibetan
Plateau, which is a high-radiation environment with a short
growing season, extension of the growing season leads to an
especially strong positive effect due to the large effect of in-
creasing IPAR0 (Fig. 4).
The modelled responses of NPP to mean annual temper-
ature and precipitation are represented as response surfaces
in Fig. 7. Even though both WUE and LUE models suggest
the existence of an optimal temperature for NPP, this op-
timal temperature is affected differently by precipitation in
the two models. In the WUE model, increased precipitation
strongly shifts the optimal temperature to a higher value. In
the LUE model the optimal temperature is more conserva-
tive, and modelled NPP declines with temperature above the
optimum even under the warm and wet conditions found in
southeastern China.
4.3 Modelled effects of [CO2] increase
In the Level 1 WUE model, NPP responds to elevated [CO2]
on the assumption that actual evapotranspiration Ea is inde-
pendent of [CO2]. However, because stomatal conductance
gs declines with increasing [CO2] (Ainsworth and Rogers,
2007), then Ea can only be independent of [CO2] in reality
if foliage cover increases to fully compensate for any decline
in gs. This might possibly be realistic for sparse vegetation,
but it is very unlikely to be true for forests, where foliage is
already absorbing a large proportion of the incident PAR. So
the WUE model is expected to provide an upper bound for
the effect of [CO2] on productivity.
Ontheotherhand,intheLevel1LUEmodel,foliagecover
is explicitly assumed not to adjust to the change in [CO2] as a
constant relationship between fAPAR and MI is assumed to
hold. This is probably unrealistic for sparse vegetation, but
it may be a reasonable approximation for forests. Thus, this
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Fig. 6. Boxplot of water use efﬁciency (WUE) and inherent water
use efﬁciency (IWUE) predicted by the Level 0 WUE model for
four forest types: broad-leaved deciduous (DBF), broad-leaved ev-
ergreen forest (EBF), needle-leaved evergreen forest (NEF), mixed
forest (MF), compared with the results from Beer et al. (2009), in-
dicated by scatter points, and from Zhu et al. (2011), indicated by
the line segment (range) with a cross symbol (mean value).
applicationoftheLUEmodelwillyieldalowerboundforthe
CO2 effect (in so far as the CO2 response is not additionally
constrained by other factors, such as nutrient availability),
and may be reasonably realistic for forests.
The response surfaces (Fig. 7) imply that the effect of
[CO2] elevation in the models does not greatly modify the
pattern of NPP response to climate, but does affect the sensi-
tivity of NPP to climate.
4.4 Caveats
Both models have been implemented in a very simple way,
probably leading to unrealistically abrupt spatial changes of
sign in the responses of NPP to temperature and [CO2]. In
the WUE model, the abrupt change in the temperature re-
sponse occurs because the assumed values of the ci/ca ra-
tio have an imposed discontinuity at MI=1, so that when
MI>1 warming-induced increases in vapour pressure deﬁcit
no longer reduce productivity. In the LUE model, the abrupt
Fig. 7. Annual NPP responses to mean annual temperature (MAT)
and mean annual precipitation (MAP) predicted by the LUE and
WUE models under recent (upper panel) and doubled (lower panel)
[CO2]. Seasonal cycles of monthly values corresponding to each
value of MAT were obtained by adding a constant to the mean sea-
sonal cycle across all the NPP mensuration plots. Monthly values
corresponding to each value of MAP were obtained by multiplying
the mean seasonal cycle by a constant. These conventions provide a
reasonable approximation to the range of climatic conditions found
in China.
changeinthetemperatureresponseoccursbecauseofthedis-
continuity in IPAR0 when all days are included in the grow-
ing season. The calculation ignores variability within the
colder months; if included, this variability would probably
induce a smoother transition between temperature-limited
and unlimited growing seasons lengths and would allow the
growing-season length to continue increasing even when the
mean temperature of the coldest month is greater than 0 ◦C.
Nevertheless, the simple formulations adopted here seem
qualitatively reasonable. The discontinuities in both mod-
els’ responses occur along the natural boundary between the
warm-temperate (predominantly evergreen) forests of South
China and the temperate (deciduous and mixed) forests of
North China. The ci/ca ratio is likely to be well below 1, as
it can only be equal to 1 in the absence of net photosynthe-
sis. Some cut-off or asymptote in the response of ci/ca to
water availability is therefore inescapable. It is also undeni-
able that in sufﬁciently warm climates, with evergreen vege-
tation, further warming will no longer add to growing season
length and therefore to utilized PAR. Thus, even if more re-
alistic formulations allowed for smooth transitions between
regimes, there would still be two regimes for each model and
the sign of the responses of the two models would still be
opposite in the warm, wet region of South China and in the
colder, drier regions to the north and west.
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4.5 Implications for modelling
Our analysis of the qualitative discrepancy between two al-
ternative simple model formulations highlights the impor-
tance of the response of vegetation cover to [CO2], which
is not well studied. The results have implications not only
for the effect of [CO2] on NPP but also for the (controver-
sial) possible positive effect of [CO2] on freshwater runoff
(Gedney et al., 2006). The reason is simply that if vegetation
cover increases to compensate for reduced gs, as is implicitly
assumed by the WUE model, then there will be no increase
in runoff. On the other hand if vegetation cover does not in-
crease in response to [CO2], as is explicitly assumed by the
LUE model, then reduced gs would be expected to lead to an
increase in runoff. Thus, the contrast between the two models
highlights the fact that effects of [CO2] in increasing foliage
cover and increasing runoff are complementary. The WUE
model represents one extreme case, in which foliage cover
is allowed to increase as required to increase NPP in propor-
tion to [CO2]. The LUE model represents the opposite case
in which foliage cover maintains a ﬁxed relationship with MI
irrespective of [CO2].
Even though this ﬁrst-principles analysis illustrates a po-
tential cause of the differences (even in sign) in the global
NPP response of dynamic global vegetation models to [CO2]
and climate change (Denman et al., 2007), there is no clear
evidence for which response is more realistic in all vegeta-
tion types, or how some compromise between these models
should be formulated. We therefore conclude that it is im-
portant for observational and experimental studies to explic-
itly address the two key differences in the model predictions
of [CO2] response, i.e. the extent to which vegetation cover
in different ecosystems increases (or not) and the extent to
which water use decreases (or not), and the sign and mag-
nitude of the NPP response to warming in the warmer and
colder regions.
4.6 Implications for global change impacts on NPP in
China
Some tentative conclusions can be drawn about the re-
sponse of NPP of China’s ecosystems to global environmen-
tal change. Some positive effect of increasing [CO2] is to
be expected generally. The effect on NPP is likely to be
greater in semi-arid regions where foliage cover can increase,
whereas the effect on runoff is likely to be greater in wetter
regions. The effect of precipitation changes will depend di-
rectly on the sign of those changes, which may well be op-
posite in different regions (Meehl et al., 2007). The response
to warming however remains unresolved.
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